Introduction {#sec1-1}
============

Apoptosis is tightly genetically regulated, and plays a pivotal role for host defenses and cancer suppression.^[@ref1]^ Inversely, apoptosis down-regulation can promote carcinogenesis and tumor progression. Many anticancer therapies work by inducing apoptosis in cancer cells.^[@ref2]^ Hyperthermia is usually applied as an adjunct to an already established treatment modality (especially radiotherapy and chemotherapy), where tumor temperatures in the range of 40-43°C are reached. In several phase-III trial clinical, an improvement of both local control and survival rates have been demonstrated by adding hyperthermia to radiotherapy in patients with locally advanced or recurrent superficial and pelvic tumors.^[@ref3]^

Hyperthermia, a known apoptotic inducer in various cell lines *in vitro*^[@ref4]^ usually determines typical apoptotic features characterized by nuclear chromatin reorganization with the cytoskeleton involvement. It has been shown that cytoskeleton reorganization takes place during cell proliferation, maturation and differentiation.^[@ref8],[@ref9]^ Actin filaments are a major component of the cytoskeleton and play an important role in cell migration, growth, cytokinesis, endocytosis, cell shape determination and vesicle trafficking. In cells, actin is found both in a monomeric form (G-actin) and in the form of filaments (F-actin), which can be arranged in bundles or networks.^[@ref10]^ In recent years, it has been demonstrated that actin and actin-binding proteins play an important role in a variety of nuclear activities.^[@ref16]^ Actin was discovered as a component of chromatin remodeling complex^[@ref19],[@ref20]^ and transcription machineries, where it is incorporated into newly synthesized ribonucleoproteins.^[@ref21]^ Moreover, it influences a long-range chromatin organization^[@ref24]^ even if mechanisms of actin participation in many nuclear processes are highly distinct from those correlated to chromatin modification, and may involve actin polymerization.^[@ref20]^ In this context, previous reports showed not only the presence of Factin in the cell nuclei of various cell lines treated with different cytostatic drugs, but also its contribution to chemotherapeutic and radiotherapic-induced cell death.^[@ref25]^ It is known that apoptotic nuclear changes occur in the presence of deep reorganization of nuclear matrix. In particular, the nuclear lamina undergoes a progressive depolarization which lead to a spatial redistributions of its components.^[@ref5]^ Nevertheless, the function and localization of actin in the nucleus is not yet fully characterized.

Here, we would like to provide further evidence of hyperthermia-induced nuclear and cytoplasmic F-actin reorganization in HL-60 cells by means of a Field Emission in Lens Scanning Electron Microscope (FEISEM), able to show, in an accurate way, the three-dimensional nuclear filament bundles and their reorganization and management during the apoptotic process.

Materials and Methods {#sec1-2}
=====================

Cell culture and apoptosis induction {#sec2-1}
------------------------------------

HL60 human promyelocytic cells have been conventionally grown. Briefly, they have been cultured in RPMI 1640 supplemented with 10% heat-inactivated fetal calf serum, 2 mM glutamine, 20 mM Hepes, pH 7.5, and antibiotics (100 U/mL penicillin, 100 µg/mL streptomycin). They have been maintained in 5% CO~2~ atmosphere at 37°C and cell viability has been assessed by the trypan blue exclusion test. Hyperthermia has been carried out for 1 h at 43°C in water bath followed by a recovery for 6 h at 37°C.^[@ref28]^

Transmission electron microscopy analysis {#sec2-2}
-----------------------------------------

For conventional electron microscopy control and treated cells have been fixed with 2.5% glutaraldehyde in phosphate buffer, postfixed in 1% Osmium Tetroxide (OsO~4~) in the same buffer, alcohol dehydrated and embedded in araldite. Thin sections were stained by uranyl acetate and lead citrate.^[@ref29]^ For immunogold actin investigation, treated and control specimens were fixed with 1% glutaraldehyde in 0.1 M phosphate buffer for 1 h, partially dehydrated until 70% alcohol and embedded in London Resin White (LRWhite) (TAAB Laboratories Equipment Ltd., West Berkshire, UK) at 0°C. Thin sections have been collected on 400 mesh nickel grids. After washing in distilled water and Tris buffer saline (TBS) and blocking not specific protein binding with normal goat serum (NGS) in 0.1% bovine serum albumin (BSA)/Tris buffer for 30 min, the immunoreaction was carried out by means of a mouse anti-actin monoclonal antibody (Boehringer, Mannheim, Germany) (1:100 in 0.1% BSA/Tris buffer). The incubation was performed overnight at 4 C in moist chamber. After washing in Tris buffer, the grids were incubated with a 10 nm colloidal gold conjugated antibody (1:100; BioCell) for 60 min at room temperature. After a further rinsing, the samples have been counterstained with uranyl acetate and lead citrate. All specimens have been examined with a Philips CM 10 electron microscope, at 80 KV.^[@ref28],[@ref29]^

FEISEM analysis {#sec2-3}
---------------

Cell pellets were fixed with 1% glutaraldehyde in 0.1 M phosphate buffer, pH 7.2, cryopreserved with 2.3 M sucrose in 0.1 M phosphate buffer, pH 7.2, frozen in liquid nitrogen, and cryosectioned in a Reichert JUNG FC 4/E (Leica; Wien, Austria) cryoultramicrotome. Sections of 100-120 nm were mounted on silicon chips which were utilized as a specimen support. Samples were incubated overnight with the anti-F-actin antibody and then reacted with a secondary antibody (anti-mouse IgG) conjugated with 10- nm colloidal gold particles (BioCell). Anti-F-actin-treated cryosections were then processed for FEISEM observation. They were post-fixed in 1% osmium tetroxide in phosphate buffer 0.15 M, pH 7.2, for 30 min, dehydrated in an increasing ethanol series, and critical point-dried (CPD 030; Bal-Tec, Lichtenstein). The analysis was performed on uncoated samples with an FEISEM Jeol JSM 890 (Jeol; Tokyo, Japan) at 7 kV accelerating voltage and 1 x 10^-11^ A probe current, utilizing the secondary electrons image (SE), backscattered electrons image (BE) and a SE-BE mix.^[@ref30]^

To check the amount of gold labeling and to avoid low marker efficiency due to steric hindrance of the gold particles, controls were performed by omitting incubation with the primary antibody.

Results {#sec1-3}
=======

Both techniques, as expectedly, showed an high number of apoptotic cells, absent in control condition, confirming again that hyperthermia is a powerful apoptotic trigger. Both transmission electron microscopy (TEM) and FEISEM observations well described chromatin behavior in control cells and its changes during apoptosis in cells exposed to hyperthermia. In particular, FEISEM permitted to evidence the three-dimensional chromatin and cytoskeleton rearrangement which occurred under apoptotic condition. Analyses of cells at low magnification evidenced a preserved cellular morphology, with nuclear and cytoplasm components clearly detectable ([Figure 1 A,B](#fig001){ref-type="fig"}). At FEISEM, the nuclear matrix showed a typical tripartite structure with the nuclear lamina, the nuclear remnant and the inner fibrillary network well evident ([Figure 1 C,D](#fig001){ref-type="fig"}). Moreover, it was possible clearly distinguish the condensed chromatin from the diffuse one ([Figure 1E](#fig001){ref-type="fig"}) which appeared organized in a fibrillary network ([Figure 1E](#fig001){ref-type="fig"}) constituted mainly by 10 nm fibers surrounding areas of 80-100 nm ([Figure 1F](#fig001){ref-type="fig"}).

Cells exposed to hyperthermia showed the typical morphological apoptotic features: cytoplasm shrinkage and vacuolization as well as chromatin margination and condensation, usually in cup-shaped masses, appeared ([Figure 2 A,B](#fig002){ref-type="fig"}). The latter are organized in dense patches scattered throughout nucleoplasm and around nucleus and separated from the diffuse chromatin ([Figure 2C](#fig002){ref-type="fig"}) which showed a behavior similar to that observed in control condition ([Figure 2D](#fig002){ref-type="fig"}). Inside the diffuse component, condensed chromatin clusters appeared similar to that observed in perinuclear area ([Figure 2 E,F](#fig002){ref-type="fig"}). Luchetti *et al*.^[@ref5]^ demonstrated at TEM the presence of thin filaments in the diffuse chromatin of early apoptotic cells, absent in the control ones ([Figure 3B](#fig003){ref-type="fig"}, inset). They appeared organized in one or more bundles and for their aspect and size were similar to actin filaments ([Figure 3A](#fig003){ref-type="fig"}), then further characterized by TEM immunogold ([Figure 3B](#fig003){ref-type="fig"}). No data are available in literature on actin localization, by means of FEISEM, in the study of the three-dimensional apoptotic chromatin behavior. Immonogold technique revealed that untreated HL-60 cells showed a regularly organized chromatin and actin localized in cytoplasm, as demonstrated by gold particle deposition ([Figure 3 C-E](#fig003){ref-type="fig"}).

In apoptotic cells, as described above, diffuse and condensed chromatin coexisted, but no labeling has been detected in the dense one. On the other hand, in diffuse chromatin gold particles appeared, organized in straight or curvilinear clusters, suggesting the presence of structures longer than 100 nm ([Figure 3 F,G](#fig003){ref-type="fig"}). Thus, between diffuse and condensed chromatin areas, thin filaments appeared, as demonstrated by immunogold for F-actin positivity. In cells exposed to hyperthermia, gold particles, suggestive of actin filaments, created a bridge between two diffuse chromatin areas, widely separated by the condensed chromatin ([Figure 3 H,I](#fig003){ref-type="fig"}). No labeling has been found in the nucleoli, in condensed chromatin or in cup-shaped masses ([Figure 3L](#fig003){ref-type="fig"}). This localization suggests actin involvement in remodeling nuclear matrix during apoptotic cell death, without completely abandoning its principle localization site. In fact, in cells exposed to hyperthermia, gold particles also appeared in cytoplasm ([Figure 3L](#fig003){ref-type="fig"}).

Discussion {#sec1-4}
==========

This work describes the HL-60 apoptotic cell features by a three-dimensional ultrastructural analysis with particular regard to nuclear events. Apoptosis induced by hyperthermia in HL-60 cells has been investigated by FEISEM, a scanning microscope at high definition and resolution. Interestingly, this innovative approach allowed to describe the three-dimensional chromatin behavior, its remodeling and cytoskeleton reorganization under apoptotic experimental condition.

Apoptotic chromatin condensation is not an active process as occurred in mitosis, but a consequence of a spatial rearrangement, which involved various cellular structures. As demonstrated by different authors^[@ref30]^ chromatin during mitosis and interphase showed, by means of the FEISEM, a minor condensation level if compared to that observed in cup shaped masses and micronuclei. Moreover, to support this concept there is the fact that apoptotic chromatin, respect to the interphasic one, is cleaved and inactive. This finding evidences the gradualness of the apoptotic phenomenon that is opposed to the rapidity of the necrotic mechanisms. In fact in early apoptotic events it is possible to recognize chromatin areas which maintained an aspect and a role comparable to those of control cells. Moreover, this study show thin cytoskeleton filament involvement in early apoptotic stages as described by several author, but no data are present in literature regarding their three-dimensional organization.^[@ref33]^ Thus, actin could play an important role in regulating spatial chromatin behavior during apoptosis. It is known that actin polymerizes actively inside the nucleus after apoptotic stimuli, partially leaving the cytoplasm where it exists in depolymerized form. Actin filaments, recognized by the immunogold reaction, are detected in diffuse chromatin areas where they formed a bridge above the condensed chromatin. Gold particles appear exclusively localized in diffuse chromatin and are strictly absent in condensed chromatin, cup-shaped masses and nucleoli. In hyperthermia-treated cells the diffuse chromatin areas with an aspect similar to those of the control cells, seem to represent the actin action site. In particular, actin serves as a point of contact between two zones of diffuse chromatin separated by condensed chromatin area. This result strongly suggests a role of nuclear actin filaments to achieve the well-known spatial separation between the normal-functional chromatin and that inactivated by the apoptotic process. Diffuse chromatin can be considered, in fact, a site where the nuclear matrix components are well recognized, and our data strongly suggest a dispersed chromatin organization comparable with that present in normal nucleus, where it is still possible evaluate a proper relationship with the nuclear matrix. Thus, also under apoptotic condition, actin seems to be a crucial protein which interacts with nuclear components, particularly with matrix proteins and diffuse chromatin.^[@ref34]^ Some authors support the hypothesis that nuclear actin involvement in chromatin remodeling is associated with transcriptional processes during active cell death.^[@ref34],[@ref36],[@ref37]^

These findings further confirm the relationship between nuclear matrix, actin, and diffuse chromatin, in which these structures actively cooperate. Knowledge of chromatin structures and the morpho-functional analysis of its fibrillar network has allowed to determine nuclear matrix role in the nucleus in interphase and during mitosis, potentially comparable to that played by actin in the apoptotic cells. Indeed, if nuclear matrix has the main role in maintaining nuclear architecture, actin protein associated with the *nucleoskeleton* could modulate and drive nuclear matrix in the spatial distribution of different chromatin forms in early apoptotic nucleus (chromatin condensation, cup-shaped masses and micronuclei formation), before later events (blebbing, apoptoic bodies and cell fragmentation without membrane integrity lost) that, irreversibly lead to programmed cell death.

Given the important role of actin cytoskeleton in cellular homeostasis, it is not surprising that it also has an important role in apoptosis. In fact, some authors demonstrate actin active role in initiating and mediating mammalian apoptosis via the intrinsic and extrinsic pathways and final degradation of actin filaments amplifies the apoptosis signaling cascade.^[@ref38],[@ref39]^ Actin cytoskeleton has been demonstrated essential player during multiple hallmarks of apoptosis with dramatic changes in actin filament organization accompanying different stages of apoptosis.^[@ref40],[@ref41]^ The important role of actin in the morphological hallmarks of apoptosis is coupled with mounting evidence demonstrating actin as a mediator and initiator of apoptosis signaling.^[@ref42]^

Finally, this study highlights the apoptotic chromatin three-dimensional architecture and actin behavior during hyperthermia in HL-60 cells. Thus, to know actin rearrangements and its precise localization and spatial organization during early apoptotic events appear an important result and make thin cytoskeletal filaments a promising target for therapeutic intervention.^[@ref26]^

Particular thanks are due to Prof. M. Falconi and Dr. G. Teti (DIBINEM - Bologna University) for the FEISEM facilities and their expert assistance.

![Control HL-60 cells at TEM (A) and FEISEM in SE image (B-F) analyses. Cytoplasm and nuclear structures appear well preserved (A, B). In particular, at FEISEM, nucleolus with its fibrillary components (C, D), nuclear lamina and diffuse chromatin network are well detectable (D, E). This latter appears organized in 10 nm size fibers surrounding space of about 80-100 nm (F). n, nucleolus; nu; nucleus; d-chr, diffuse chromatin; cty, cytoplasm. Scale bars: A-D) 1 µm; E) 100 nm.](ejh-2015-3-2539-g001){#fig001}

![HL-60 cells exposed to hyperthermia observed at TEM (A) and FEISEM in SE image (B-F). Condensed chromatin organized in cup-shaped masses appears (A,B) well separated but strictly connected (C, D) with the diffuse chromatin (E), that is similar to the control samples (F). n, nucleolus; c-chr, condensed chromatin; d-chr, diffuse chromatin; arrow, actin filaments. Scale bars: A) 0.5 µm; B,C) 1 µm; D-F) 100 nm.](ejh-2015-3-2539-g002){#fig002}

![F-actin localization in HL-60 cells exposed to hyperthermia, at TEM (A,B) and FEISEM (C-I). Filament bundles, suggestive of actin protein, appear in apoptotic HL60 cells, and have been then localized by means of immunogold reaction in the diffuse chromatin (B). Immunostaining can be observed in cytoplasm, and absent inside nucleus in control condition (inset in B). At FEISEM, in control cells F-actin localized in the cytoplasm along the plasma membrane where the gold particle can be detected (C-E, C,D: SE and BE image mix; D, pure BE image). After hyperthermia, apoptotic cells show actin filament presence inside nucleus, in the diffuse chromatin (F) where gold particles appear organized to form a bridge between two diffuse chromatin areas separated by a condensed one (G-I; all SE and BE mix). Condensed chromatin appears negative to immunogold staining (L). n, nucleolus; nu, nucleus; c-chr, condensed chromatin; d-chr, diffuse chromatin; arrows, actin filaments; cty, cytoplasm. Scale bars: A,B,D-L) 100 nm; C) 200 nm.](ejh-2015-3-2539-g003){#fig003}
